We studied the effects of mild hypothermia on cardiac contractility in isolated rabbit hearts perfused with Krebs-Henseleit solution according to the technique of Langendorff. Isovolumetric left ventricular pressure (LVP) was measured with a fluid-filled balloon. Hearts were paced after induction of atrioventricular block. At low heart rates (< 30 bpm) mild hypothermia (cooling to 30°C) induced a 32% increase in LVP (146.5 ? 10 mm Hg at 30°C vs 110.7 ? 13 mm Hg at 37°C) but this positive inotropic response was progressively lost by increasing heart rate. At pacing rates 290 bpm, lower systolic LVP, higher diastolic LVP, and lower positive and negative LV dP/dt were obtained in hypothermic (93 + 12 mm Hg, 55 + 18 mm Hg, 584 +-137 mm Hg/s, and 323 t 57 mm Hg/s at 210 bpm, respectively) compared to normothermic hearts (123 + 4 mm Hg, 10 + 4 mm Hg, 1705 t 145.5 mm Hg/s, and 1155 ? 78 mm Hg/s at 210 bpm, respectively). The duration of mechanical diastole was reduced or suppressed in these hearts. Exposure to the p-adrenoceptor agonist, isoproterenol, improved this diastolic dysfunction during hypothermia and pacing at high rates, suggesting that the sarcoplasmic reticulum Ca2+ uptake might be involved. Our data are also consistent with an increase in myofilament Cazt sensitivity that is opposed by isoproterenol during hypothermia.
323 t 57 mm Hg/s at 210 bpm, respectively) compared to normothermic hearts (123 + 4 mm Hg, 10 + 4 mm Hg, 1705 t 145.5 mm Hg/s, and 1155 ? 78 mm Hg/s at 210 bpm, respectively). The duration of mechanical diastole was reduced or suppressed in these hearts. Exposure to the p-adrenoceptor agonist, isoproterenol, improved this diastolic dysfunction during hypothermia and pacing at high rates, suggesting that the sarcoplasmic reticulum Ca2+ uptake might be involved. Our data are also consistent with an increase in myofilament Cazt sensitivity that is opposed by isoproterenol during hypothermia. (Anesth Analg 1996; 82:975-81) R eports concerning the direct effect of hypothermia on myocardial contractility are highly contradictory.
Nearly 100 yr ago Langendorff (1,2) reported a positive inotropic effect of hypothermia in the isolated, perfused rat heart, and many other investigators have confirmed the positive inotropy due to cooling. A similar positive inotropic effect of hypothermia has been obtained in the isolated papillary muscle (3-6). Sprung et al. (7) suggested that the positive inotropic effect of hypothermia (25°C) in isolated ventricular tissue is primarily due to increased Ca2+ sensitivity.
In contrast, in viva investigations in pigs revealed marked systolic and diastolic left ventricular dysfunction due to mild hypothermia (8). In the latter study, it was hypothesized that incomplete rewarming of the heart may contribute to postischemic cardiac dysfunction after cold cardioplegia after cardiac surgery.
Variations in methodology may be the cause of the contradictory results about the effect of hypothermia on cardiac contractility, since the effect obtained may be influenced by factors such as the animal species, the experimental model (e.g., isolated papillary muscle versus whole heart), the variable used to assess changes in contractility and the degree of hypothermia. Another very important factor that is potentially responsible for differing results is the frequency of contraction. Many studies reporting positive inotropy of hypothermia were performed on cardiac tissue contracting at rates lower than those encountered physiologically (4-6). We were especially interested in the effects of mild hypothermia because this condition is often encountered in clinical conditions after cardiac surgery and anesthesia. Because neural and endocrine effects of hypothermia might influence the effect of decreasing temperature on the heart in zliz~o, it is important to study the direct effects of hypothermia on the heart using superfused isolated tissue models. However, the contractile changes in an isolated papillary muscle may not fully represent changes in an intact perfused ventricular wall. Therefore we studied the direct effects of heart rate and hypothermia on the isolated whole heart. Initial observations revealed a slow rate of tension development and relaxation during mild hypothermia.
Because the slow rate of tension development and relaxation during mild hypothermia can be a cause of systolic and diastolic dysfunction at higher pacing rates, and because p-adrenoceptor agonists are known to increase the rate of relaxation by increasing the Ca2+ uptake by the sarcoplasmic reticulum (9), we tested the influence of the P-adrenoceptor agonist, isoproterenol, lop7 M, on myocardial performance during hypothermia and pacing at different heart rates.
Methods
The experimental setup utilized a modified isovolumetric, Langendorff-perfused rabbit heart, previously described in detail (10). New Zealand White rabbits weighing 2-3 kg were premeditated with fluanison 2 mg/kg and fentanyl 0.04 mg/kg injected intramuscularly and were anesthetized with sodium pentobarbital (25 mg/kg intravenously [IV] ). Tracheotomy was performed under local anesthesia (with lidocaine 1% subcutaneously)
to allow tracheal intubation. Mechanical ventilation was initiated after administration of pancuronium (0.1 mg/kg IV). The blood was heparinized (2500 III/kg IV), and via a left thoracotomy the heart was excised and placed in cold (4°C) KrebsHenseleit solution. After cannulation of the aorta it was immediately flushed with a similar solution. The heart was then suspended to the perfusion system. The time elapsed between excision of the heart and beginning of perfusion was usually about 3 min. The heart was perfused via the cannulated aorta at a constant perfusion pressure of 60 mm Hg with perfusate pumped from a heat reservoir regulated by a thermostat. The perfusion column was jacketed with water from the heat reservoir.
To obtain isovolumetric contractions, a latex balloon filled with fluid was inserted in the left ventricular cavity via an opening in the left atrium. A catheter tip manometer (type MTC-HD; Drager Medical Electronics, Best, The Netherlands) placed in the balloon served to measure the left ventricular pressure (LVP). A small venting catheter was also placed at the left ventricular apex outside the balloon to collect fluid accumulating in the ventricle due to return from Thebesian veins or backward leaks through the aortic valve. A temperature probe (Ellab Instruments, Copenhagen, Denmark) placed in the right ventricle in contact with the ventricular septum was used for continuous monitoring of myocardial temperature. Atrioventricular block was induced by gentle superficial abrasion of the atrioventricular node area with a needle passed through the right atrium, and ventricular pacing was initiated (stimulus: 3 ms, 1.5 times threshold voltage). The stimulating electrodes were connected to a computer-driven pulse generator.
LVP and its electronically obtained first derivative (LV dP/dt) were continuously recorded and displayed on paper (recorder HP 7754A; HewlettPackard, Palo Alto, CA), while selected portions of the signals were stored electronically.
Variables such as the duration of contraction (or mechanical systole), time-to-peak LVP, the relaxation time, and the duration of rest (or mechanical diastole) were measured on the experimental tracings, using the tracing of dP/dt (the first derivative of LVP) as reference. Time to peak LVP was defined as the duration of the positive dP/dt deflection. Relaxation was defined as the duration of the negative dP/dt deflection. The duration of contraction is the sum of the time to peak LVP and the relaxation time. The mechanical diastole is the time period measured between the end of relaxation and the start of the next contraction.
The Krebs-Henseleit buffer used for perfusing the heart had the following composition (in mM): NaCl 129, KC1 5.6, CaCl, 2.16, NaH,PO, 1.2, NaHCO, 25, MgCl, 0.56, glucose 11, sucrose 13. The buffer was equilibrated with 95% O2 + 5% CO,, with pH (7.4), PO,, and Pco, controlled before starting the experiment. Temperature was increased to 37°C by changing the set point to 38°C.
In one protocol the influence of progressive hypothermia was studied in hearts paced at a fixed frequency of either 150 bpm (n = 8) or 60 bpm (n = 4). After stabilization at 37"C, the hearts were cooled stepwise by increments of 1" to 30°C and were allowed to equilibrate for 10 min at each temperature. After equilibration at the lowest temperature for about 30 min, they were rewarmed to 37°C to test for reversibility of hypothermia effects. We used a frequency of 150 bpm because it is close to the physiological heart rate in rabbits. However, since heart rate is known to influence the force of ventricular contraction (staircase phenomenon) in normothermic hearts (111, it could interfere with a direct positive inotropic influence of cooling (12). Therefore further experiments were conducted 1) to compare the inotropic effect of rate at normal and low temperatures and 2) to compare the effect of hypothermia at two representative frequencies. In another protocol the pacing frequency was varied while the heart was maintained at a fixed temperature. For this purpose, eight hearts were divided into two groups. The control group was initially perfused at 37°C while the hypothermic group was initially perfused at 30°C. In each group the heart frequency was progressively decreased from 200 bpm to 150,120,90, 60, and 30 bpm. Measurements were taken after > 5 min at every frequency. In each group, the stimulation at various frequencies was repeated after changing the temperature (from 37" to 30°C in the first group, and from 30" to 37°C in the second). Due to a deterioration of contractility with the prolonged perfusion time needed to complete the measurements at all frequencies and to change temperature in each group, in order to assess the interaction between frequency and temperature, we have chosen to compare only the initial results obtained from the two groups of hearts.
In a third series of experiments (n = 6), the effect of the P-adrenoceptor agonist, isoproterenol, 10M7 M, was studied. In four hearts beating at 3O"C, heart rates of 90,120,150,180, and 210 bpm were studied in the absence and in the presence of isoproterenol, 10s7 M. All data are expressed as mean values with SE. One-way analysis of variance for repeated measures was used to detect significant effects on cardiac function of temperature at a given heart rate, or of rate at a given temperature.
Comparisons of individual data were made using paired or unpaired t-test with Bonferroni correction, depending on whether these data were from the same or different hearts, respectively. P < 0.05 was used as the criterion for significance.
Results
Negative Inotropic Action of Cooling Figure 1 illustrates the effect of decreasing temperature on the contraction of the left ventricle in a preparation paced at 150 bpm. Under control conditions, LVP was 12 mm Hg during diastole and 112 mm Hg at peak systole (developed pressure = 100 mm Hg). The maximal rate of pressure change with time (LV dP/dt) was 1500 mm Hg/s during pressure development and 1000 mm Hg/s during relaxation.
When temperature was progressively decreased, the first effect to be observed was an increase in contraction time and a decrease of both rates of pressure development (positive LV dP/dt) and of relaxation (negative LV dP/dt). At 34°C diastolic and peak systolic LVP were not different from those measured at 37°C. Thus, the increase in contraction duration was due to both an increase in the time-to-peak and in relaxation time associated, respectively, with the decrease in rates of pressure development and rate of relaxation. As the temperature was further lowered to 31 and 3O"C, the above effects became more pronounced.
In addition, there was a progressive increase in diastolic LVP and a decrease in peak systolic LVP. The effects of hypothermia were reversible, with restoration of all variables to near control levels with return of temperature to 37°C. Similar results were obtained in eight preparations (see below).
Influence of Temperature on the Inotropic Effect of Rate
To study the inotropic effect of rate at different temperatures, pacing frequency was decreased from 200 bpm to 30 bpm in two groups of hearts incubated either at 37°C or at 30°C. Figure 2 illustrates the dependence of LVP on rate in the two groups. The changes in LVP with heart rate were more pronounced at 30°C. At this temperature, high pacing frequencies (> 90 bpm) caused a decrease of systolic LVP ( Fig. 2A) and an increase in diastolic LVP (Fig.  2B ). Thus high rates were associated with lower developed LVP in hypothermia.
Pacing frequency had relatively less pronounced inotropic effect in normothermic hearts but decreased LVP was obtained at the lowest and highest rates. When comparing LVPs obtained at a given frequency in both temperature groups, systolic LVP was higher and diastolic LVP lower in normothermic hearts at rates > 120 bpm. At the lower frequency range, systolic LVP was lower in normothermic than in hypothermic hearts. Diastolic LVP at low pacing rates was similar in cooled hearts and in normothermic ones. Thus, stimulating at high rates was associated with a negative inotropic effect, and this influence of rate was more pronounced at low temperature.
The rates of pressure development (positive LV dP/dt; Fig. 2C ) and of relaxation (negative LV dP/dt; Fig. 2D ) were also affected by the pacing rate. The effects were opposite at the two temperatures since in hypothermic hearts LV dP/dt was decreased at high rates and increased at low rates whereas in normothermic hearts this variable was high and a decrease was observed with slowing of the rate. At any frequency, LV dP/dt was lower at 30°C than at 37°C. The differences between normothermic and hypothermic hearts were more marked for the rate of relaxation.
We also analyzed the influence of varying cardiac cycle duration (when pacing at different rates) on the duration of the two major phases of contraction (timeto-peak and relaxation time) as well as on the duration of the mechanical diastole (Fig. 3) . Time-to-peak LVP (Fig. 3A) and relaxation time (Fig. 3B) were not altered by a change of frequency in normothermic hearts. On the contrary, both variables were markedly increased with slowing of the rate in hypothermic hearts. At a given frequency, both time-to-peak LVP and relaxation time were longer at the lowest temperature. The duration of the mechanical diastole was very sensitive to temperature and frequency (Fig. 3C) since there was no complete relaxation in hypothermic hearts at frequencies more than 120 bpm. Pacing at lower frequencies in hypothermic hearts and at all frequencies in normothermic hearts allowed full relaxation. Stated otherwise, decreasing the temperature from 37°C to 30°C decreased the range of frequencies for which complete relaxation could be obtained.
Efect of Cooling at Different Pacing Rates
The results from the preceding section suggest that the inotropic effect of cooling will depend on the frequency, i.e., that a negative inotropic effect can be expected at rates > 90 bpm while no or positive effect will be obtained at lower frequencies. Figure 4 compares the effects of cooling at a low-pacing frequency (60 bpm) to those obtained at 150 bpm. Consistent with the results of Figures l-3, when pacing frequency was high, there was a progressive decrease in systolic LVP and an increase in diastolic LVP with cooling (Fig. 4A) . When th e pacing rate was kept at 60 bpm, a rate which allowed significant diastolic time at both temperatures (see Fig. 3C ), there was an increase in systolic LVP with cooling. However, this increase did not reach statistical significance. Diastolic LVP decreased with cooling at the low heart rate. Also consistent with the results presented above, cooling was accompanied with a slowing of both the rates of tension development and of relaxation, and these effects were obtained at both pacing rates (Fig. 4B) .
Effect of Isoproterenol on Myocardial Dysfunction During Mild Hypothermia Figure 5 shows the effect of isoproterenol on the LVP and LV dP/dt tracings of a typical heart beating at 210 bpm at 30°C. Frequencies from 90 bpm to 210 bpm were compared because lower heart rates could not be steadily obtained in the isoproterendl group. Isoproterenol improved the systolic pressure development at increasing heart rates at 30°C and prevented the pronounced increase in diastolic pressure obtained in untreated preparations ( Fig. 6A and 6B ). Positive and negative LV dP/dt,,, were also significantly improved by isoproterenol treatment (Fig. 6C and 6D ).
Discussion
In the present study, we demonstrated that the inotropic action of mild hypothermia (30°C) is directly related to contraction frequency and that this effect is completely reversible in isolated rabbit hearts. There was a negative inotropic action of hypothermia at pacing frequencies > 90 bpm. During cooling from 37" to 3O"C, systolic LVP and positive LV dP/dt (a measure for the velocity of contraction) as well as negative LV dP/dt (a measure for the velocity of relaxation) declined progressively. At the same frequencies, there was an increase in diastolic LVP with cooling. Thus, there was a decrease in developed pressure, not only as a result of systolic failure but also as a result of a failure in relaxation. However, at pacing frequencies of 30 bpm, a positive inotropic action was observed. This suggested an interaction between direct effects of temperature and the inotropic effect of pacing rate. When considering the effect on contractility of changing heart rate at different temperatures, it was found that increasing the heart rate resulted in a positive staircase in the normothermic hearts, while in the hypothermic hearts, it caused a steep increase in the diastolic left ventricular pressure, together with a decrease in systolic pressure (negative staircase). This pronounced increase in diastolic LVP was prevented by treatment with the P-adrenoceptor agonist, isoproterenol. The inotropic action of hypothermia remains controversial. Many investigators have reported a strong positive inotropic action of hypothermia. Langendorff (1) originally reported a decrease in heart rate and a marked increase in contractile force in the nonisovolumetrically contracting isolated rat heart, when it was cooled to 20°C. Similar results have been reported in isolated muscle strips. Cooling of cat papillary muscle to 15°C increased the mechanogram about twice when the muscle was stimulated at a rate of 30 bpm; this effect was less pronounced at 60 bpm and not present at 120 bpm (13). When rabbit papillary muscle was cooled from 30" to 2O"C, isometric tension increased up to 160% and dP/dt also increased by 25%. In these experiments the basic contraction rate was 12 bpm (4). The positive inotropic response to cooling to 25°C for the isometric rabbit papillary muscle, contracting at a rate of 30 bpm, was an increase in contractile strength of 400% to 500% (3). In many previous experimental setups the myocardial tissue was contracting at extremely low frequency and the effect of moderate and deep hypothermia was studied at temperatures of 25°C or less.
There are few studies concerning the effect of mild hypothermia.
In the isolated rat heart beating at a constant rate of 120 bpm, progressively cooling from 37°C had a positive inotropic effect in terms of force generation but had a negative inotropic action in terms of shortening velocity, significant at 34°C (14).
During in viva experiments in pigs, cooling from 38" to 34°C showed a marked depression of LV contractility, and a significant impairment of diastolic relaxation (8). On the contrary, marked positive inotropic action was obtained in rabbit and rat papillary muscles cooled to 33" or 29°C during pacing at 30 bpm (3). In isolated guinea pig atria1 muscle strips, Kruta (15) reported a strong relation between hypothermic effects on inotropy and frequency of contraction, demonstrating a decrease in the frequency associated with maximal strength of contractions with a lowering in temperature from 37" to 14°C. In agreement with our results, Kruta also showed that the strength of contraction at the optimum and low frequencies increased with hypothermia, while the strength at high frequency decreased as temperature was decreased. The inotropic response to hypothermia has been attributed to several different mechanisms.
The active force developed by cardiac muscle and the velocity of shortening of the contractile elements is highly dependent on the ionized Ca*+ concentration and the Ca*+ sensitivity of the contractile proteins. An increased Ca*+ sensitivity of the contractile myofilaments during cooling has been reported in isolated cardiac tissue (7, 16, 17) . From this finding, one would expect a positive inotropic action of hypothermia. The negative inotropic effect of hypothermia that we observed at high pacing frequencies therefore must be attributed to a different mechanism.
In skeletal muscle, the sarcoplasmic reticulum Ca*+ uptake is directly decreased by hypothermia (18, 19) . In cardiac muscle the temperature dependence of the Ca*+ uptake is found to be even more pronounced than in skeletal muscle (20) . In addition a decrease of temperature has been shown to cause increased opening of the sarcoplasmic reticulum Ca*+ release channels (21,22). Both effects of low temperature on the sarcoplasmic reticulum function can be expected to result in decreased sarcoplasmic reticulum Ca*+ loading, and increased intracellular free Ca*+ concentration. The sarcoplasmic reticulum Cazf uptake is an energy-dependent process, determined by a Cazt adenosine triphosphatase (ATPase) that controls relaxation. During hypothermia, energy supply is well maintained because coronary flow increases in the blood-perfused model (14) as well as in the bufferperfused setup (23), so that oxygen extraction remains constant (24). The decreased rate of Ca2+ uptake is however, due to a decrease in the activity of the Ca*+-ATPase (18) and this may underlie the slowing of relaxation rate observed with hypothermia.
In the presence of continued Ca*+ influx through the sarcolemmal Ca*+ channels, there may be an increase of the cytosolic levels during diastole, leading to increased diastolic pressure. Only during stimulation at low rates is the hypothermic heart able to complete the relaxation process by allowing enough time for the sarcoplasmic reticulum to take up Cazf. When the heart rate is increased, the next beat interferes with the relaxation phase of the previous beat, the incomplete relaxation causes the end-diastolic tension to increase and the sarcoplasmic reticulum will not be ready to release enough Ca*+ to induce full contraction. In our study, exposure to the /3-adrenergic agonist, isoproterenol, improved the diastolic dysfunction during mild hypothermia and high contraction frequency. The effect of P-adrenoceptor agonism on contractility has been studied extensively.
The stimulation of /3-adrenoceptors by catecholamines leads to an increase of cyclic adenosine monophosphate levels, stimulating a cyclic adenosine monophosphatedependent protein kinase that phosphorylates proteins in sarcolemma, sarcoplasmic reticulum, and thin filaments. The final result is an increase in Ca*+ influx across the sarcolemma during the action potential, an increase in the rate of Ca*+ uptake by the sarcoplasmic reticulum, and a decrease in myofibrillar Ca*+ sensitivity (9). The increase in sarcolemmal Cazf influx cannot explain the improved diastolic function during mild hypothermia.
However, because P-adrenergic agonists are known to stimulate the rate of sarcoplasmic reticulum Ca*+ uptake by the sarcoplasmic reticulum Ca2+-ATPase, and in this way increase the rate of ventricular relaxation (9), this increased rate of Ca2+ uptake might play a substantial role in the observed shortening of relaxation induced by isoproterenol during hypothermia in our study. The decrease in myofibrillar Ca2+ sensitivity by isoproterenol may also play an additional role in the improved diastolic function since it may counteract an increased Ca2+ sensitivity induced by hypothermia, as described by Sprung et al. (7).
The small increase in peak left ventricular pressure, obtained at low pacing frequencies may be the result of an increase in myofilament Ca2+ sensitivity (16, 17) and/or of a prolongation of the action potential (13). Phase 2 (plateau) is prolonged allowing more calcium to enter the cell for activation of intracellular calcium release, for loading the sarcoplasmic reticulum, or for direct activation of the myofilaments (25). The peak Ca*+ inward current has been shown to decrease with cooling in guinea pig ventricular myocytes (26). However, the inactivation process was also slowed, making it possible that total Ca2+ influx is well maintained or increased during the prolonged action potential under hypothermia. Another route for Ca*+ entry during hypothermia at low heart rates is the Nat-Ca*+ exchange mechanism, the role of which may be increased if the activity of the Na' pump is reduced at low temperature (27), resulting in an increase in the intracellular Nat ion concentration which in turn promotes Ca2+ entry durin #t the plateau of the action potential or opposes a Ca efflux during diastole (28). All these mechanisms may explain the known positive inotropic effect of hypothermia.
In conclusion, this study demonstrates a strong interaction between heart rate and temperature. Hypothermia prolongs the duration of relaxation significantly and only at the lowest rate is the heart able to develop a good left ventricular pressure. When the heart rate increases, the diastolic dysfunction during hypothermia is associated with systolic dysfunction and a significant drop in systolic pressure. The improvement of the diastolic dysfunction during exposure to /3-adrenoceptor agonists, plasmic reticulum Ca*+ suggests that sarcouptake might be depressed during mild hypothermia. Our data are also consistent with an increase in myofilament Ca*+ sensitivity that is opposed by isoproterenol during hypothermia. The significant effects of mild hypothermia demonstrated in this study emphasize the importance of temperature when measuring and interpreting the effects of heart rate on cardiac function. 
